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The tensile strained Si(111) layers grown on top of Ge(111) substrates are studied by combining
scanning tunneling microscopy, low energy electron diffraction and first-principles calculations. It
is shown that the layers exhibit c(2× 4) domains, which are separated by domain walls along 〈1¯10〉
directions. A model structure for the c(2 × 4) domains is proposed, which shows low formation
energy and good agreement with the experimental data. The results of our calculations suggest
that Ge atoms are likely to replace Si atoms with dangling bonds on the surface (rest-atoms and
adatoms), thus significantly lowering the surface energy and inducing the formation of domain walls.
The experiments and calculations demonstrate that when surface strain changes from compressive to
tensile, the (111) reconstruction converts from dimer-adatom-stacking fault-based to adatom-based
structures.
PACS numbers: 68.35.bg, 68.35.Gy, 68.35.Md
I. INTRODUCTION
The importance of stress and strain fields on surface
physics is well recognized.1 They can have a strong im-
pact on surface reconstruction, stability of surface planes,
step bunching and surface diffusion.2–6 The close chem-
istry of Si and Ge, combined with a lattice mismatch of
about 4%, make the Ge/Si system a prototypical model
to study the effect of interfacial elastic strain. Ge epi-
taxy on Si(111) has been extensively studied and follows
the Stranski-Krastanov growth mode.7 Here, the forma-
tion of compressively strained Ge islands on Si(111) sub-
strates has attracted much interest due to their prospec-
tive use as template-structures in nanoelectronics and
nanophotonics.8,9
First principles calculations of (111) surface energies
of silicon and germanium have predicted a change of the
surface structure when the applied elastic strain changes
from compressive to tensile.6,10,11 The surface reconstruc-
tion changes from dimer-adatom-stacking fault (DAS)
based to adatom-based according to the following se-
quence: 5× 5 DAS (strongly compressive)→ 7× 7 DAS
(weakly compressive or relaxed) → adatom-based recon-
structions (relaxed or tensile). A few contenders for
adatom-based reconstructions of the (111) surfaces of Si
and Ge have been proposed, all showing close surface en-
ergy. These are 2×2, c(2×8), c(2×4), and √3×√3, and
they were all observed experimentally in Ge/Si(111),12
with the first three being found on quenched Si(111) sur-
faces as well.13 The adatom density in the 2×2, c(2×8),
c(2×4) reconstructions is the same, and these structures
differ only in their arrangement. The density of adatoms
in the
√
3×√3 reconstruction is 1/3 higher.
There are several experimental confirmations of the
above-mentioned sequence of structural changes. The
fully relaxed Ge(111) surface adopts the adatom-based
c(2 × 8) arrangement.14 Compressively strained Ge lay-
ers and islands form during Ge molecular-beam epitaxy
(MBE) on Si(111) substrates. In this case, Ge layers with
compressive biaxial strain above ε ∼ 0.01 have 5×5 DAS
reconstruction, while less strained layers show a 7×7DAS
structure.6 On the other hand, for Si layers, compres-
sively strained (111) terraces on a stepped Si(111) surface
show the tendency to form a 5×5 DAS reconstruction,15
while fully relaxed Si(111) adopts the well-known 7 × 7
DAS reconstruction.16
Despite the huge knowledge available for the Ge/Si
system, important issues remain to be addressed. For
instance, structural data for tensile strained Si(111) are
still missing. Filling in this gap is the main goal of this
work, and this is addressed by means of combining first-
principles atomistic modeling with scanning tunneling
microscopy (STM) and low energy electron diffraction
(LEED) measurements of Si layers grown on Ge(111).
We start by reporting the diffraction data, then we move
on to the STM data and finally, we describe the results
of the calculations, which provide insight to the experi-
mental results.
II. METHODS
A. Experimental procedure
The experiments were performed in two separate ultra-
high vacuum systems, one being equipped with a STM
operating at room temperature in constant-current mode
and the second one with a LEED system. The STM
chamber contains the Si and Ge e-beam evaporators for
deposition of Si and Ge by MBE. A Si stripe heated with
direct current was used as a source of silicon atoms in
the LEED chamber. A quartz crystal balance and STM
images were used to measure the deposited amount of Si
and Ge. Si was evaporated at a rate of 1 BL/min (BL
2stands for bilayer). The samples were resistively heated
with direct current. The temperature of the substrate
was measured using an infrared optical pyrometer.
The clean germanium surface was prepared in the
LEED chamber by repeated ion-bombardement cycles of
Ar (800 eV), followed by annealing at 800 °C of Ge(111)
samples until a sharp c(2 × 8) diffraction pattern was
observed (Fig. 1(a)). In the STM chamber, Ge(111) was
prepared by MBE growth of 3D relaxed Ge islands on top
of a clean Si(111) surface. Formation details of relaxed
Ge islands on Si(111) are given in Refs. 3 and 4.
B. Computational details
The surface energy (per unit area) of the reconstructed
Si(111) surface is defined and calculated as γrec(ε) =
γ1×1(ε) − △γrec(ε), following the procedure detailed in
Ref. 6. Here, γ1×1(ε) is the energy of the unreconstructed
relaxed Si(111)-1×1 surface as a function of applied bi-
axial tensile strain ε, and △γrec(ε) is a strain-dependent
energy gain due to surface reconstruction. γ1×1(ε) was
calculated using a 12-Si-bilayer thick symmetric slab ac-
cording to the following expression,
γ1×1(ε) =
1
2S1×1(ε)
[
E1×1tot (ε)− µ(ε)N
]
, (1)
where µ is the energy per Si atom in bulk under strain
(Si chemical potential), S1×1 is the area of a 1×1 surface
cell and E1×1tot (ε) is the total energy of the symmetric slab
comprising N atoms per simulation cell. Two bilayers in
the middle of the slab were kept frozen, while atoms in
other layers were allowed to move without any constraints
during atomic optimizations.
Each value of △γrec(ε) was calculated using two 6-
bilayer thick slabs terminated by hydrogen on one side.
The first hydrogenated slab had an unreconstructed sur-
face, while the second had a surface reconstruction cor-
responding to the structure under scrutiny. With this
setup, the location of H and Si atoms at the bottom
layer was kept frozen during atomic optimizations, while
all other atoms were freely allowed to relax. The energy
gain per unit area upon reconstruction is therefore,
△γrec(ε) = 1
Srec(ε)
[
Erec-Htot (ε)− E1×1-Htot (ε)M − µ(ε)K
]
,
(2)
where Srec is the unit cell area of the reconstructed slab,
M = Srec/S1×1 is the number of 1× 1 reference cells
spanned by a reconstructed cell, and K accounts for the
number of Si surface atoms in excess to those in the refer-
ence cell. In this expression Erec-Htot (ε) is the total energy
of the reconstructed hydrogenated slab, while E1×1-Htot (ε)
refers to the total energy of the unreconstructed hydro-
genated slab with a 1×1 surface cell.
Total energies were calculated from first principles
by using the density functional siesta code.17 The
Figure 1. (color online). (a) LEED pattern from the clean
Ge(111)-c(2×8) sample. Electron energy is 90 eV. Integer or-
der spots are marked. See Figs. 1(a) and 1(b) in Supplemental
Material at [URL will be inserted by publisher ] for a schemat-
ics of the Ge(111)-c(2 × 8) diffraction pattern and marking
of the fractional order spots. (b) LEED pattern from the
Ge(111) surface after adsorption of the ∼ 4 BL of silicon at
Tads = 550 °C. Electron energy is 60 eV. Integer order spots
and spots at (1/3 1/3)-like and (1/15 1/15)-like positions are
marked. A faint streak along the [1¯10] direction is highlighted
by a dashed line.
exchange-correlation was treated within the local density
approximation (LDA).18 Test calculations performed us-
ing the generalized gradient approximation (GGA)19 are
reported in Table 1 of Supplemental Material at [URL
will be inserted by publisher ] confirming the suitability
of LDA to address our problem. The k-space integra-
tions over Brillouin zones (BZ) were approximated by
sums over Monkhorst-Pack grids of k-points.20 Norm-
conserving pseudopotentials were employed to account
for electronic core states,21 whereas valence states were
represented by means of linear combinations of numerical
atomic orbitals of the Sankey-Niklewski type, generalized
to be arbitrarily complete with the inclusion of multiple ζ
orbitals and polarization states.17 The calculations were
performed using double-ζ functions (DZP) basis for Si
atoms at the three upper slab layers and single-ζ func-
tions (SZ) for H as well as Si atoms at the remaining
layers. Such choice for the basis was previously shown
to result in surface energies with comparable accuracy to
those using a full DZP basis.6 Si atoms with DZP basis
have two sets of s and p orbitals plus one set of d or-
bitals. Si atoms with SZ basis have one set of s and p
orbitals, while H atoms have a single s orbital.
The unreconstructed bottom surfaces were saturated
by hydrogen atoms making 1.50 A˚ Si–H bonds. The op-
posite slab surfaces were set up according to specific sur-
face structure models. These are 7×7 DAS,16 as well
as single-domain adatom-based 2× 2, c(2 × 8), c(2 × 4),
and
√
3 × √3 reconstructions.14,22 For the c(2 × 4) do-
mains, various widths and domain wall structure were
considered. Adatoms on 2 × 2, c(2 × 8), c(2 × 4), and√
3 × √3 surfaces were placed at high-symmetry T4 ad-
sorption sites.
A uniform real-space grid equivalent to a plane-wave
cutoff of 200Ry was used for Fourier transforming the
3Figure 2. (color online). STM image of the MBE-grown 2 BL
silicon on top of a relaxed Ge(111) island, Tads = 540 °C.
The image exhibits the 7 × 7 area and somewhat disordered
c(2 × 4) domains. The dashed line highlights the domain
boundary between 7× 7 and c(2× 4) surfaces. Image size is
640× 640 A˚2. U = +1.8 V and I = 1.0 nA. The inset shows a
high resolution STM image of the DW. The internal zig-zag
structure of the DW is highlighted by black circles. The inset
dimensions are 71× 54 A˚2.
density and potential fields. The geometry was optimized
until all atomic forces became less than 1 meV/Å. Below
this threshold, surface structures were considered to have
attained equilibrium. All periodic slabs were separated
by a 30 Å thick vacuum layer. Under these conditions,
converged calculations using a bulk conventional unit cell
with a 8×8×8BZ-sampling grid gave a lattice constant of
Si aSi = 5.420 Å. We used specific k-point grids for each
surface reconstruction/slab, depending on its respective
lateral dimensions, namely: 20×20×1 for 1×1, 3×3×1
for 7× 7 DAS, 10× 10× 1 for 2× 2, 8× 2× 1 for c(2× 8)
(rectangular surface cell), 12 × 12 × 1 for √3 ×√3, and
10× 12× 1 for single-domain c(2× 4). The k-point grids
for c(2 × 4) with variable domains were dependent on
the domain width: 5 × 12 × 1 for domains comprising 1
adatom in width, 4 × 12 × 1 for domains comprising 2
adatoms, 3 × 12 × 1 for domains comprising 3 adatoms,
2× 12× 1 for domains comprising 4-6 adatoms in width.
The resulting k-point surface densities in reciprocal space
are approximately the same for all cells. Convergence
tests regarding the BZ sampling, slab type and thickness,
as well as the basis functions, were reported elsewhere.6
The constant-current STM images were produced
within the Tersoff-Hamann approach.23 The WSXM
software was used to process the experimental and cal-
culated STM images.24
Figure 3. (color online). (left y-axis) Si chemical potential
and (right y-axis) height factor, fh (see text) for Si(111) in-
terplanar spacing, calculated for different biaxial strain states
ε in the (111) plane.
III. RESULTS AND DISCUSSION
A. Experimental STM and LEED results
After cleaning the germanium samples the surface ex-
hibits the well-known c(2×8) diffraction pattern, typical
for the clean relaxed Ge(111) surface (see Fig. 1(a)).25
The LEED pattern after deposition of 4 BL of silicon on
Ge(111) surface at Tads = 550 °C is shown in Figure 1(b).
Here the spots from the c(2 × 8) surface reconstruction
are completely vanished, and instead, the diffraction pat-
tern shows blurred spots at (1/3 1/3)-like positions, faint
streaks along 〈1¯10〉 directions and weak spots at about
(1/15 1/15)-like positions close to the (0 0) central spot.
Similar diffraction patterns were observed for the cover-
age range ΘSi = 2-4 BL and in the temperature range
Tads = 400-550 °C. The appearance of the spots at the
(1/3 1/3)-like positions after Si MBE growth on Ge(111)
surface was also reported in Ref. 26.
An STM image of 2 BL silicon deposited on top of a
relaxed 3D Ge island at Tads = 540 °C is shown in Fig. 2.
The image shows two (111) terraces separated by a step.
The structure on the terraces shows significant disorder
beyond the nanometer scale, but at a smaller scale we
can clearly distinguish the existence of predominant pat-
terns. Such observation strongly indicates the existence
of several surface reconstructions with close formation en-
ergies. Most part of the surface is covered with a recon-
struction having a rectangular unit cell. This structure
looks very similar to the c(2 × 4) reconstruction found
in quenched Si(111) surfaces.13 The “peninsula” towards
the upper-right corner of Figure 2 exhibits a 7×7 surface
reconstruction, typical of clean relaxed Si(111) surfaces.
The plain c(2×4) reconstruction has a rectangular cell
and can form in three rotational domains each rotated by
120° as follows from the three-fold C3v symmetry of the
(111) substrate. The actual surface structure in Fig. 2
consists of local patches of c(2 × 4) reconstruction sepa-
4Figure 4. (color online). Schematics of adatom-based Si(111)
surface reconstructions: c(2 × 8), √3 × √3, c(2 × 4), and
2 × 2. A single silicon bilayer with adsorbed silicon atoms is
shown. Big and small white-filled circles represent upper and
lower atoms of the bilayer, respectively. Large red-filled circles
represent Si adatoms. The unit cell for each reconstruction is
also outlined.
rated by domain walls (DWs) and oriented along the same
direction at small scale. The DWs are the dark stripes in
Fig. 2 representing surface depressions or trenches. Since
the atomic structure of the Si(111)-7×7 reconstruction
is known,16 the crystallographic directions in the STM
image in Fig. 2 are readily obtained. Thus, it was found
that the DWs are elongated along 〈1¯1¯2〉 directions. The
shorter side of the c(2×4) unit cell is √3a long, where a is
the unit length of the unreconstructed (111) surface, and
it is parallel to the DW directions. Conversely, the longer
side of the c(2× 4) unit cell (which is 2a long) is perpen-
dicular to the DWs (along 〈1¯10〉 directions). The typical
c(2×4) domain in Fig. 2 consists of 3 rows of bright spots
(Si adatoms) along 〈1¯10〉. The inset in Fig. 2 shows a
high-resolution STM image of two c(2 × 4) patches sep-
arated by a DW. The internal structure of the DW is
resolved, exhibiting a zig-zag row of dimmed spots high-
lighted by the small black circles.
B. Theoretical results and comparison with
experimental data
Figure 3 shows the calculated silicon chemical poten-
tial as a function of (111) biaxial strain in the bulk. From
elasticity, it follows that a (111)-biaxially strained cubic
solid leads to an opposite strain along [111]. Such effect
has to be accounted for in strained surface calculations,
and this is done by letting the surfaces to freely relax
towards the vacuum. In bulk, this effect was considered
by using appropriately strained 1×1 bulk-slabs with sev-
eral heights, h, related to the strain-free height h0 by a
Figure 5. Si(111) surface formation energies calculated for
tensile biaxial strain states in the range ε = 0%-4% for 7× 7,
c(2× 8), √3×√3, c(2× 4), 2× 2 surface reconstructions.
height factor, fh = h/h0. We determined their equilib-
rium heights (h values that minimized the energy), which
were then used to obtain the energy per Si atom in bulk
under strain. Figure 3 also depicts the calculated height
factors for Si 1× 1 bulk-slabs. It shows how the equilib-
rium distance between (111) layers in bulk depends on
the applied biaxial strain.
Several (111) adatom-based reconstructions were con-
sidered in this study: 2×2, c(2×8), c(2×4), and √3×√3
(Fig. 4). These are the lowest energy configurations, and
therefore the most probable adatom-based (111) recon-
structions of Si and Ge. The 2× 2, c(2× 8) and c(2× 4)
reconstructions were observed on clean quenched surfaces
of Si(111) and at Ge/Si(111) growth12,13. The formation
of the
√
3 × √3 surface reconstruction was observed on
MBE-grown Ge/Si(111) as reported in Refs. 6 and 22.
Figure 5 shows the calculated surface energies γrec of
Si(111) as a function of applied tensile strain ε for var-
ious experimentally observed reconstructions. In agree-
ment with previous studies, we find that adatom-based
structures are more stable than 7 × 7 DAS-based struc-
ture when biaxial tensile strain above ∼ 2.5% is applied
to Si(111).6,10,11 As opposed to the simple adatom-based
reconstructions, the presence of several reconstruction el-
ements (dimers, adatoms and stacking faults) in DAS-
based surfaces make these intrinsically compressive.6
Hence, with increasing the surface tensile strain, the
surface formation energy of DAS-based reconstructions
grows faster than that of adatom-based structures. As
one can see from Fig. 5, the lowest energy reconstruction
at ε & 2.5% is c(2 × 4). This result explains the STM
observations depicted in Fig. 2.
Four contenders for the DW atomic structures that
separate neighboring c(2× 4) domains were investigated
and are represented in Fig. 6. The proposed DW mod-
els are simply bare (111) substrate areas with increas-
ing width (types A-D). The width of these DWs is in
approximate agreement with the experimental STM im-
5Figure 6. Schematics of possible DW atomic structures, from
type A to type D. Big white-filled circles represent upper
atoms of the bilayer with all bonds saturated; Black-filled
circles represent upper atoms of the bilayer with one dan-
gling bond (rest-atoms); Small white-filled circles represent
lower atoms of the bilayer; Large red-filled circles represent Si
adatoms. The c(2× 4) unit cell is outlined on each domain.
age in Fig. 2. For the sake of space saving, the width
of the c(2 × 4) domains as represented in Fig. 6 is lim-
ited to two Si atomic rows. The surface combining the
Si(111)-c(2 × 4) domains with DWs was simulated us-
ing periodic boundary conditions, keeping the domain
width fixed, but considering variable-width DW models
(as shown in Fig. 6).
Figure 7 shows that irrespectively of the domain width,
the Si(111)-c(2×4) surface with DW type B shows lowest
formation energy and therefore is expected to correspond
to the observations. The calculated STM images of the
Si(111)-c(2 × 4) surface near the DW area (DW types
A-D) are presented in Figs. 8(a)-8(d), respectively. The
DW internal structure exhibits relatively bright spots,
somewhat dimmed as compared to those of Si adatoms.
Some of these spots are highlighted by white circles. Sim-
ilar spots are also observed within the c(2× 4) domains,
Figure 7. Si(111)-c(2 × 4) surface formation energies calcu-
lated for 4% tensile biaxial strain, as a function of the DW
width (corresponding to four different c(2×4) DW structures,
A-D). Each plot correspond to a specific c(2×4) domain width
measured in number of adatoms between neighboring DWs.
between Si adatoms. All these spots are due to sub-
strate rest-atoms raised after slab relaxation. As shown
in Fig. 8(b), only DW type B is compatible with the ex-
perimentally observed zig-zag structure as depicted in the
inset of Fig. 2. This corroborates the assignment of the
DW structure to type B based on its low surface energy.
It is noteworthy to mention that DW type D (shown in
Fig. 6), spanning 6 parallel rows of rest-atoms, is a priori
expected to show a zig-zag pattern in STM due to rows
1 and 6 edging the c(2 × 4) domains. Instead, we found
that in the ground-state, spots from parallel rows 2 and 6
(or 1 and 5) are “switched on”, adding further support to
our assignment of type B structure to the observed DWs.
We can conjecture that the reason behind the appear-
ance of DWs is the partial relaxation of the silicon lay-
ers under tensile strain. Accordingly, the observed do-
main and DW widths must be governed by a balance be-
tween the energy gain from surface strain relief and the
energy penalty due to formation of unsaturated bonds
across the bare surface area of the DWs. Figure 2 sug-
gests that the crossing point involving these two factors
takes place for a domain width equivalent to about 3
adatoms. Still, the observed surface structure should cor-
respond to an energy state below that of single-domain
c(2 × 4) reconstruction (without DWs), and that is not
what Fig. 7 shows. In fact, the calculated data suggest
that DWs should not appear in strained Si(111) under
thermodynamic equilibrium conditions. Despite having
been grown at relatively high temperatures, and therefore
likely to be close to thermodynamic equilibrium, Fig. 7
shows that domains with 3 adatoms width are metastable
by ∼0.5 meV/Å2 (with respect to a full covered c(2× 4)
surface). We also note that the c(2 × 4) domains were
observed in rather thin (2-4 BL thick) Si layers, so that
the number of atomic layers used in calculations should
be appropriate to describe the strain within the slab.
Until now, we have missed an ingredient in calcula-
6tions which can, in principle, play a relevant role in DW
formation. That is Si/Ge intermixing. Unfortunately,
the chemical resemblance between Si and Ge prevents
their discrimination on the surface by using STM im-
agery like that shown in Fig. 2. Surface termination
with bismuth allows to distinguish between Si and Ge
atoms,27,28 but that would alter the surface reconstruc-
tion. The (111)-7× 7 reconstructed “peninsula” in Fig. 2
may suggest that the surface consists of clean silicon lay-
ers, where strain is released through the surrounding step
edges. Clean Ge(111) layers, which can also form 7 × 7
reconstruction under compressive strain,6 can be ruled
out due to the absence of compressive strain in the sur-
face. Yet, we cannot exclude the formation of a Si-rich
SiGe(111)-7× 7 reconstruction.
In order to understand how Si/Ge intermixing can
change the surface energy and its structure, we performed
a set of exploratory calculations. Accordingly, we used
Si/Ge(111) hydrogenated slabs, where both Si and Ge
atoms had DZP basis set. The first (reference) slab had
3 BL of pure Si on top of 3 BL of pure Ge. In the second
slab, we kept the same Si/Ge layered structure, but one
atom at the topmost Ge layer (at the Si/Ge interface)
was replaced by Si, while one Si atom at the surface was
replaced by Ge. The calculated energy differences show
that the exchange of Si and Ge atoms leads to an en-
ergy drop of up to 0.4 eV per atom pair. We suggest
that most energy gain comes from the less reactive Ge
dangling bond (when compared to that of Si) when Ge
occupies rest-atom or adatom sites, both at the c(2× 4)
domain and at the DW surfaces. Surface sites with sat-
urated bonds show less energy gain or no gain at all.
The structural models used to calculate Si/Ge intermix-
ing and corresponding surface energies are summarized
in Table 2 of Supplemental Material at [URL will be in-
serted by publisher ].
Next, we constructed a c(2×4) slab with domain width
equivalent to 3 adatoms and DW type B, where all atoms
with dangling bonds at the Si surface were replaced by
Ge. Concurrently, an equal number of Ge atoms at the
topmost layer of Ge (at the Si/Ge interface) was replaced
by Si. This Ge-terminated surface shows an energy gain
of 14.2 meV/Å2 with respect to the reference slab (with
no Si/Ge intermixing). The single-domain c(2×4) recon-
struction without DWs shows a 1 meV/Å2 lower energy
gain. This difference is naturally explained by the two
times higher density of dangling bonds in the DW area
as compared to that in the c(2× 4) domains. Hence, the
impact of Si/Ge intermixing on the surface energy is more
pronounced in the DW area. Combining surface energies
calculated for strained Si(111) layers (Fig. 7) with energy
gains due to Si/Ge intermixing, we estimate surface en-
ergies of single-domain c(2 × 4) and c(2 × 4) with DWs
(3 adatoms width) as 82.9 meV/Å2 and 82.4 meV/Å2,
respectively. This makes the formation of DWs ener-
getically favorable when Si/Ge intermixing is taken into
account. Auger electron spectroscopy or photoelectron
spectroscopy measurements could help to determine if
Figure 8. Calculated STM images of four different types of
DWs structures: (a) DW type A. (b) DW type B. (c) DW
type C. (d) DW type D. Bias voltage corresponds to +1.0 eV
with respect to the theoretical Fermi level. The c(2× 4) unit
cells are outlined. The structure of DWs is highlighted by
white circles.
silicon layers are actually terminated by Ge atoms.
The calculated LEED patterns representing fast
Fourier transforms of calculated STM images, are shown
in Fig. 9. Fig. 9(a) shows the calculated diffraction pat-
tern from single-domain c(2 × 4) reconstruction with-
out DWs, where only one rotational domain is present.
Fig. 9(b) shows a diffraction pattern from the three
possible rotational domains of c(2 × 4) reconstruction
(still without DWs). The calculated LEED patterns in
Figs. 9(a) and 9(b) cannot account for the experimental
LEED pattern shown in 1(b). We clearly have to consider
the effect of DWs on the LEED patterns.
Fig. 9(c) shows the calculated diffraction pattern from
one rotational domain of c(2 × 4) reconstruction with
type-B DWs. A domain width equivalent to 3 adatoms
was considered. The translational unit cell for the surface
with DWs includes few c(2 × 4) cells and is not rectan-
gular (see Fig. 2(b) of Supplemental Material at [URL
will be inserted by publisher ]). One can see that the spots
from the c(2 × 4) reconstruction are now split along the
[1¯10] direction (perpendicular to the DW orientation).
This is the effect of intensity modulation by DWs. The
resulting reciprocal unit cell is smaller than that of the
c(2 × 4) reconstruction without DWs, and consequently
it is not rectangular as well. The influence of surface
defects (including DWs) on LEED patterns was exten-
sively studied in the past (see for instance Ref. 29 and
references therein). The split size (δ) is inversely propor-
tional to the periodicity of c(2 × 4) domains (Γ) in the
7Figure 9. Calculated LEED patterns. (a) single-domain c(2×
4) reconstruction (no DWs). (b) Three rotational domains
(no DWs). (c) c(2 × 4) domains with 3 adatoms width (one
rotational domain) separated by DWs type B. (d) c(2 × 4)
domains with 3 adatoms width (three rotational domains)
separated by DWs type B. Reciprocal unit cells are outlined in
(a) and (c). See Figs. 2(a) and (b) of Supplemental Material
at [URL will be inserted by publisher ] for the simulated STM
images used to compute the LEED patterns in (a) and (c).
direction perpendicular to DWs:
Γ = wD + wDW =
100%
δ%
× aGe(111) sin 60°, (3)
where 100% of the surface BZ corresponds to the distance
between the (0 0) spot and integer first-order spots, while
aGe(111) is the lattice constant of the unreconstructed
Ge(111)-1×1 surface. wD and wDW stand for domain and
DW widths, respectively. Thus, combining Eq. 3 with the
experimental LEED pattern in Fig. 1(b) we may estimate
the macroscopic average domain width.29
Fig. 9(d) shows the calculated diffraction pattern from
all three rotational domains of c(2 × 4) reconstruction
with DW type B. The pattern shows many similarities
with the experimental LEED results shown in Fig. 1(b).
The split size in Fig. 9(d) is about 7% which is equiv-
alent to the (1/15 1/15)-like spots visible in Fig. 1(b).
From the LEED data, we obtain an average c(2× 4) do-
main width equivalent to 3 adatoms, which fits nicely
to the STM results. All six (1/15 1/15)-like spots with
similar intensity are visible around the (0 0)-spot in
Fig. 1(b). Therefore, each c(2× 4) rotational domain oc-
cupies similar surface areas. Only first-order (1/15 1/15)
fractional spots are visible in experimental LEED pat-
tern in Fig. 1(b), while higher-order spots are smeared
out and become weak streaks along 〈1¯10〉-like directions.
The intersections of these streaks give rise to (1/3 1/3)-
like spots with weak intensity. The suppression of higher
order fractional spots in diffraction patterns is due to ir-
regular widths of c(2 × 4) domains. A similar effect was
observed, for example, on LEED patterns of nickel con-
taminated Si(100) containing irregular 2×1 domains.30,31
IV. CONCLUSIONS
Tensile strained Si(111) prepared by silicon MBE
growth on Ge(111) substrates and on relaxed Ge(111)
template structures on top of 3D islands, was studied by
low energy electron diffraction, scanning tunneling mi-
croscopy and first-principles calculations. We show that
the calculated Si(111) surface reconstructions and their
respective energy ordering as a function of strain, match
the experimental observations. Namely, it is shown that
under tensile strain the Si(111) surface exhibits domains
of adatom-based c(2×4) reconstruction, separated by do-
main walls. This contrasts with the relaxed and compres-
sive strain regimes where dimer-adatom-stacking fault
structures are seen. An atomic model for the domain
wall that separates neighboring c(2× 4) domains is pro-
posed, showing low surface energy and good agreement
with the experimental microscopy and diffraction data.
The average domain width is also reported. According to
the calculations, the formation of domain walls on pure
Si(111) surface always imply an energy penalty, suggest-
ing that their appearance is unfavorable under thermo-
dynamic equilibrium conditions. We suggest that Ge/Si
intermixing can stabilize the DWs, hence explaining this
apparent contradiction.
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